A series of single crystal nickel-based superalloys containing additions of rhenium and ruthenium were designed with the aid of time-saving formulae allowing to predict some of their physical characteristics. This alloy design programme succeeded in identifying the new generation single crystal alloy MC-NG suited for gas turbine blade and vane applications. This alloy exhibited a density-corrected high temperature creep strength comparable to that of high-rhenium containing alloys, but with a lower density and no propensity to form deleterious TCP phases.
Introduction
The continuous demand of the gas turbine engine manufacturers for an increasing turbine inlet temperature have pushed the alloy designers to develop nickel-based superalloy chemistries with high rhenium contents for single crystal blade applications. This alloying element was indeed shown to have a strong beneficial effect on the high temperature mechanical properties, especially as the creep strength is concerned. The level of rhenium was typically increased up to 6 wt. % in the alloys CMSX-10 [l] and Rene N6 [2] .
These so-called third generation alloys however suffer from a number of drawbacks mainly due to their high content of rhenium: a high density, up to 9.1 g.cmw3, a propensity to form deleterious topologically close packed flCP) phases during exposures at high temperatures and a propensity to form grain defects during single crystal casting.
We therefore decided to explore the possibility of developing new generation nickel-based superalloys for single crystal turbine blade applications with a temperature capability significantly increased as compared to that of MC2 [3] which is considered as the best single crystal superalloy without rhenium. The ultimate target was to attain a creep strength comparable to that of high rhenium containing third generation alloys, but with reduced density and no propensity to form TCP phases.
One of the main idea driving this work was to study alloys containing some amounts of ruthenium substituting partially for rhenium. The density of this refractory element is close to that of molybdenum, therefore approximately one-half of that of rhenium. Moreover, preliminary studies showed that alloys containing both rhenium and ruthenium were less prone to precipitation of TCP phase than alloys containing only rhenium.
Alloy Design
A series of nickel-based experimental alloys was defined by varying the content of different alloying elements, particularly the refractory elements MO, W, Re, Ru and Ta, in order to fulfil several requirements : i) a high y solvus temperature; ii) a high amplitude of r/y mismatch; iii) a density as low as possible; iv) a good phasial stability.
The chemistries of the experimental alloys were defined with the help of time-saving formulae allowing to estimate the values of the y solvus temperature, of the r/y mismatch and of the density. The New PHACOMP method [4] was used in order to avoid the precipitation of TCP phases.
An additional objective was to get an acceptable environmental resistance (hot corrosion and high temperature oxidation) taking into account that the protective coatings usually applied on the blades may crack or spall during service. Additions of 0.1 wt.% of silicon and 0.1 wt.% of hafnium were therefore made in all the experimental alloys in order to improve the adherence of the More than twenty experimental alloys were thus defined, primarily deriving from MC2, all containing additions of Re and some of them containing both Re and Ru additions. Small-scale laboratory heats of these alloys were melted in a high vacuum induction furnace and single crystal rods were directionally cast by the withdrawal process using <OOl> oriented seeds. Two additional reference alloys reproducing the chemistries of the high-rhenium containing alloys CMSX-1OM [6] and RenC N6 [2] and one alloy reproducing the chemistry of the Alloy #ll designed by General Electric [7] and containing both Re and Ru were also cast as single crystals for the sake of comparison.
As it will be shown later in this paper, the best balance of properties were obtained with alloys containing both Re and Ru additions. The chemistries of five of these most relevant experimental alloys are compared in Table I to that of the reference alloys. MC544 will be ultimately designated MC-NG.
f solvus temperature An important objective fixed for this work was to obtain alloys with a -y' solvus temperature as high as possible in order to promote a very high creep strength at temperatures above 1100°C. The creep strength of the y-strengthened nickel based superalloys is obviously strongly dependent on the volume fraction of fine y phase precipitates. As typically shown in the case of the AM1 single crystal superalloy [8] , the solutioning rate of the "t+ phase is rather low when the temperature increases up to typically 1 lOO"C, whereas it increases rapidly above this temperature. In the high temperature range, the volume fraction of residual v phase is therefore strongly sensitive to the temperature and it was supposed that increasing significantly the y solvus temperature will allow to keep a higher volume fraction of v phase at elevated temperatures.
The values of the v solvus temperatures of the various alloys were primarily estimated using a formula deduced from a multiple linear regression analysis of experimental data obtained previously at ONERA on a series of nickel-based superalloys [9] . This analysis was continuously refined as and when new data 738
were acquired along the development work of the new generation single crystal superalloys. This formula is currently :
TYsolvus ("C) = 1299. Figure 1 compares these estimated data to experimental data obtained by thermal analysis using a high temperature dilatometer. The specimens were heated up to the corresponding solutioning temperature determined by preliminary heat treatment studies. The full solutioning heat treatment was performed within the dilatometer furnace. The specimens were then cooled to the room temperature. The heating and cooling rates were 3.6 x lo-* "C.s-l. The onset of the y precipitation, evidenced at cooling by a significant contraction of the specimen, was taken as the -r' solvus temperature. For instance, the estimated value of 1265°C for MC2 fitted perfectly the corresponding measured value. More generally, there was a satisfying agreement between the estimated and experimental values, the largest difference being 14"C, which corresponds to a relative error of 1%. These results demonstrate the usefulness of such a formula for the prediction of they solvus temperature knowing the chemistry of the alloy. To validate the hypothesis that a dramatic increase of the ?/ solvus temperature would lead to a significant increment of the volume fraction of residual -j phase at temperatures higher than 1 lOO"C, some quantitative measurements were performed on the MC2, MC544 and MC653 alloys. In order to facilitate the y area fraction evaluation, measurements were made on pre-rafted specimens. Interrupted creep tests were thus performed at 1050°C on cylindrical specimens of the three alloys. Samples were machined from the specimen gauges, then heat treated in argon for one hour at 1150, 1200°C and 1250°C with salted iced water quenching in order to freeze the high temperature microstructure. Samples for scanning electron microscopy (SEM) were prepared with sections parallel to the <OOl> tensile axis to obtain side views of the r/y rafted microstructure. Using the back-scattering electron mode allowed to perfectly differentiate the two phases.
Moreover, supposing that the y rafts were infinitely long as compared to their thickness, it was assumed that the area fraction of y phase measured on such a section was close to its volume fraction. Such examples of microstructures observed after a hold at 1200°C are illustrated by the micrographs of Figure 2 . Curves of Figure 3 show the variation with temperature of the volume fraction of 1' phase in MC2, MC544 and MC653 alloys. Between 1150°C and 1250°C the y volume fraction is significantly higher in the new alloys, MC653 showing the highest content of ?/. There is effectively a good correlation between the residual content of y phase and the y solvus temperature.
Density
When designing the chemistry of the experimental alloys, a particular attention was devoted to the control of the density. An increase of the density will be indeed penalising for the rotating blades and for the disk at which the blades are attached. Particularly, when adding heavy refractory elements such as Re in the most recently developed alloys, a fraction of the potential creep strength improvement is lost due to the parallel increase of the density. The creep strength advantage offered by the third generation alloys as compared to the older ones is thus reduced when evaluated on a specific strength basis. The Hulls formula [IO] was primarily applied to predict the density of the experimental alloys from their compositions. This formula contains one term resulting from the application of the rule of mixtures and several additional correction terms deduced from regression analyses performed on data collected on 235 alloys. However, this formula does not contain any correction terms for Re and Ru. Application of this formula to the whole series of experimental and reference alloys gave the results illustrated in Figure 4 . When compared to experimental values calculated from volume and weight measurements, a significant deviation appeared between the estimated and the calculated values, which increased with the density. This therefore showed the necessity to include correction terms related to Re and Ru in the Hull's formula.
Instead of trying to modify the Hull's formula, a multiple linear regression analysis of experimental data obtained on the experimental and reference alloys was run. As for the y solvus temperature evaluation, this analysis was refined continuously along the design procedure of the new alloys and the resulting formula is currently : The values of the density calculated using this formula for the series of experimental alloys and for the reference alloys are compared in Figure 4 to the corresponding measured values. There was a very good agreement between the predictions and the measurements, the largest relative error being 0.45%. Estimated and measured values for the alloys of Table I are compared in  Table II. y/Y mismatch A survey of the literature show that the lattice mismatch 6 = 2(4 -a..,)& + aJ is generally considered as a factor which could play a significant role on the elevated temperature creep strength of the single crystal superalloys [ 1 l-151. There is however still a debate about the optimum value which must be aimed for improving the high temperature creep behaviour of these alloys [15] . Anyway a common consent seems to be that a large negative value of the mismatch would be preferable because it will promote a fast evolution of the microstructure towards a stable and creep resistant r/y rafted microstructure, and also dense dislocation networks forming at the r/r interfaces and acting as efficient barriers against mobile dislocations, therefore reducing the creep rate . When designing the chemistries of the experimental alloys, we have therefore tried to attain a negative value of the mismatch at high temperature with an amplitude as large as possible in order to optimise this property. We have also aimed to attain various values of mismatch in order to try to evidence some effects of this parameter on the creep behaviour of the experimental alloys.
According to the method used by Watanabe [17] , the room temperature (RT) mismatch values of the experimental and reference alloys were calculated from y and -l+ lattice parameters estimated using the following formulas :
where ani and aNcAl are the lattice parameters of pure Ni and pure Ni3Al, Vi and V'i are the Vega& coefficients for the element i in Ni and N&Al respectively, and Cr and c'r are the atomic fractions of element i in y and y phases. [18] in the case where the alloying element i substitutes for Al in Ni3Al :
As atom probe analyses have shown that the refractory elements Re, MO and W substitute preferentially for Al in Ni3AI [20] , we assumed that Ru exhibited the same behaviour, and applying the equation ( The compositions of the y and v phases were estimated by using a method derived from that developed by Watanabe [17] which itself derived from the PHACOMP method [21] . The values of the calculated lattice mismatch 6 for the relevant experimental alloys and for the reference alloys are compared in Table II .
740
Knowing that the thermal expansion coefficient of the y phase in the nickel-based superalloys is less than that of the y phase [ 13, 22, 231 , a positive mismatch at room temperature will become negative when the temperature will increase above a given value, and a negative mismatch at RT will remain negative with an Increasing amplitude [ 131. Our method thus allowed to propose a relative ranking of the alloys in respect of the lattice mismatch. For instance, it was foreseen that the alloy MC534 would exhibit a higher amplitude of 6 at high temperature than MC544. It must be pointed out that all the experimental alloys of Table II would exhibit higher amplitude of 6 than MC2, at the relevant temperatures.
New PHACOMP narameters
In order to predict and to control the occurrence of deleterious TCP phases during exposure at high temperatures of the experimental alloys, we have applied the New PHACOMP method devised on the basis of the molecular orbital calculations of electronic structures [4] . As done by Yukawa et al. [24,3 and Zhang et al. [26] , average values of the Md parameter, Md, and M&, were respectively calculated from the total composition and from the estimated y matrix composition of each experimental and reference alloy using the following formula :
where Ci is the atomic fraction of the element i in the alloy or in the y matrix, and (Md)i is the Md value for the element i reported in Table III. This method aims at predicting the occurrence of TCP phases such as (J, u or Laves phases when the Md values become la=r than critical values deduced from experience. The values of Md, -and Md, for the relevant experimental alloys and the reference alloys are reported in Table II . 
Microstructures and Heat Treatments
Some typical as-cast dendritic microstructures of experimental and reference alloys are illustrated in Figure 5 . All these alloys contained higher fractions of interdendritic y/y eutectic nodules than observed in first generation single crystal superalloys, and even in second generation single crystal superalloys containing Re contents close to 3wt.%. This is mainly due to the higher total level of y-former elements such as Al, Ti, Ta and eventually Nb. However, adequate solution heat treatments were identified for the experimental alloys allowing to eliminate all or almost all of the coarse y particles without incipient melting as illustrated in Figure 6 . As an example, a two-stage solution heat-treatment including a hold for 3 hours at 131O"C, then a heating ramp at a rate of 3'CK' and a final treatment for 3 hours at 1340°C led to a complete solutioning of the y/y eutectic and obviously of the secondary y precipitates in the MC544 alloy. All the alloys of Table I have been fully homogenised using such heat treatment procedures. As RenC N6 and Alloy #I 1 contained voluntary additions of carbon some carbide particles remained within the interdendritic areas as shown in Figure 6c After complete solutioning, all the experimental alloys were applied an ageing heat treatment for 4 hours at 1100°C followed by a treatment for 24 hours at 850°C in order to produce a homogeneous distribution of ?/ precipitates. Depending on the alloy chemistry the mean size of the y particles varied within the range 260-400 nm. As shown in Figure 7 , the shape of the precipitates depends on the alloy and it was possible to evidence a relationship between this precipitate shape and the value of the estimated room temperature mismatch. These observations agreed with the results of a number of studies showing that the shape of the ?/ precipitates depend strongly on the value of 6 at the ageing temperature [27, 281. A transition from sphere to cube occurred when the amplitude of 6 increases. Such an evolution was observed for our experimental alloys, that demonstrates the validity of our predictive method, if we extrapolate the RT F values at 1100°C following the argument developed previously.
Creep oronerties
Constant load tensile creep tests were performed in air in the temperature range 95O"C-1150°C on cylindrical specimens (20 mm gauge length, 3 mm diameter) machined from fully heat treated single crystals. Typical stress-rupture lives obtained on the most relevant experimental alloys and on the reference alloys are compared in Table IV T = 950°C  T = 1050°C  T =115O"C  o=300MPa  o= 150MPa  o=lOOMPa  MC2  198  485  6  MC533  298  401  52  MC534  266  372  60  MC544  458  486  151  MC645  404  499  185  MC653  456  726  194  CMSX-1OM  690  637  137  Rent N6  531  434  65  Alloy #I 1  370  466 The studies aiming at understanding in details the effects of chemistry modifications on the creep behaviour of these new alloys are still in progress, but it is already possible to draw some hypotheses to explain the significant differences observed here between the various alloys.
Compared to MC2, all the Re-containing alloys exhibited significantly improved creep lives at 950°C. This advantage is thought to be due to the addition of Re that slows down all the diffusion-controlled processes which influence the creep behaviour of these alloys [29] . The coarsening rate of the v precipitates is thus strongly reduced, and the mobility of the matrix dislocations which move essentially by a diffusioncontrolled climb process at the y/y interfaces is also decreased. At this temperature, the two most resistant alloys are effectively CMSX-1OM and Rene N6 which contain 6.5 wt.% Re and 5.35 wt.% Re respectively. Considering the creep curves, the most striking feature relative to the Re-containing alloys is a very low creep rate during a long period before entering the tertiary creep stage, whereas this stage started practically as soon as the load was applied in the case of MC2 which behaviour is representative of Re-free single crystal superalloys.
At 105O"C, only the MC653 and CMSX-1OM alloys exhibited a significant creep life improvement as compared to MC2, while the other alloys showed at best a comparable stress-rupture life. These results therefore show that adding Re is not a panacea when searching at improving the creep strength of single crystal superalloys at every temperature.
The creep behaviour at 1050°C of this class of alloys is specific in the sense where the strengthening 7 precipitates generally experience during the primary creep stage a dramatic evolution towards a v rafted morphology, which remains stable during all the secondary creep stage, before to be destabilised during the tertiary creep. It is therefore obvious that the creep behaviour of these alloys will primarily depend on the more or less quick transition from cube to plate morphology of the 7 particles, and on the morphological stability of the resulting r/y rafted microstructure, which in turn will depend on parameters such as the r/-y' mismatch and the bulk diffusion rate.
As shown in Figure 9 , the various shapes of the creep curves observed for instance for the MC2, MC544 and CMSX-1OM alloys thus suggest significant variations of the v rafting behaviour between these three alloys. Preliminary investigations of the microstructural variations during creep at 1050°C of the MC2 and MC544 alloys have shown that the cube-raft transition is delayed in MC544 compared to MC2, but that the resulting rafted microstructure is less stable in MC544 than in MC2 that correlates with the earlier initiation of the tertiary creep stage [30] . Further investigations are in progress to completely describe and understand the creep behaviour of such alloys at 105O"C, and with the aim to improve it.
At 115O"C, the creep strength advantage exhibited by the Recontaining over MC2 was spectacular (Figure 10) . Typically, when MC544 is compared to MC2, the creep life is multiplied by a factor of 25. This dramatic effect is attributed mainly to the larger amount of y phase remaining in the high solvus MC544 and MC653 alloys at this temperature as compared to MC2 (see Figure 3) . The Alloy #ll which exhibited a significantly lower creep strength than MC544, MC653 or CMSX-lOM, is characterised by a lower y solvus temperature that underlines the importance of this parameter as the very high temperature creep strength is concerned. That obviously does not exclude other beneficial effects resulting from a decrease of the y coarsening kinetic or from solid solution strengthening effects associated to the increase of the refractory element contents. However the increase of the residual fraction of y phase is thought to be the main reason for the very high creep strength at elevated temperatures of the new alloys. That therefore fully justified the initial choice to develop alloys with a high y solvus temperature. Some ageing heat treatments for 200 hours at 950, 1050 and 1150°C were performed on homogenised samples of the whole series of experimental alloys and of the Re-containing reference alloys in order to check their phasial stability. Microstructural assessments were also performed on stress-ruptured specimens of all the alloys. Some of the experimental alloys were observed to be prone to the precipitation of needle-like Re-rich particles in the dendrite cores whereas the other ones did not contain TCP phases (Figure 11 The sensitivity of the criticalMd values to the Re concentration is due in fact to the residual segregation of this element in the dendrite cores, even after the solution treatment. Figure 13 illustrates the results of electron probe analyses performed through dendrites of the experimental alloy MC393 containing 8.2 wt.% Re, before and after a homogenisation heat treatment (1330"C/3h, ramp at 3'C.h.i up to 136O"C, then 1360"C/l8h/air cooling). These analyses showed that Re segregated strongly within the dendrite cores during solidification, and that, even after a 31 h solution heat treatment on this experimental alloy, the Re concentration may still attain 9.5 wt.% in the dendrite cores. It is this local Re concentration which would have in fact to be considered when computing the values of theMd values for the prediction of TCP phase precipitation in the dendrite cores.
Higher is the Re content in an alloy, higher will be its concentration within the dendrite cores, even after a long solution heat treatment, and lower will be the critical values for mr and MT..
Another interesting feature evidenced by these analyses is that Ru did not segregate in the alloy during solidification, that is an advantage compared to Re, because it did not induce local overconcentration. This feature could partly explain why the alloys containing both Re and Ru were observed to be less prone to TCP phase precipitation than alloys containing only Re additions. This beneficial effect could be also partly due to a modification of the partitioning ratio of various alloying elements such as molybdenum or rhenium between the y and ?/ phases as suggested by O'Hara et al. [6] , that would render the y matrix less prone to the formation of TCP phase particles.
Environmental Resistance
High temperature cyclic oxidation tests were performed in air at 1100°C using one hour-cycles on the experimental alloys. Their performance were comparable to that of AM3, AM1 or MC2 alloys containing both additions of Si and Hf. No significant effect of the major alloying elements was evidenced. On the other hand, cyclic hot corrosion tests performed at 850°C with addition of Na2S04 on some of the experimental alloys and on reference alloys revealed various behaviours depending on the chemistry. Some of these results are illustrated in Figure 14 . The experimental alloys all exhibited a hot corrosion resistance superior to that of MC2 and CMSX-IOM. The poor corrosion resistance of MC2 can be attributed to its rather high level of W and MO, elements known to be deleterious for this property. It can be pointed out that the most corrosion resistant experimental alloys, MC645 and MC533, are free of MO. The weak corrosion resistance of CMSX-1OM is very likely due to its low level of chromium. It thus appeared that a minimum content of 4wt% of chromium must be kept in the alloys in order to ensure an acceptable level of corrosion resistance, even in the case of high rhenium containing alloys. On the other hand, no significant role of the ruthenium was evidenced.
Discussion and Conclusions
Whereas a number of studies have still to be performed to completely understand the effects of chemistry variations on the creep behaviour of the most recently developed single crystal superalloys, it has been shown that, using rather simple hypotheses and with the aid of computation methods aiming at predicting various physical parameters from the alloy chemistry, it was possible to identify promising new generation alloys which offer a unique combination of properties. It was thus demonstrated that the concept of high y solvus alloy was particularly relevant when searching at improving the very high temperature creep strength of these materials. The new PHACOMP method aiming at predicting the occurrence of deleterious TCP phases must be carefully used because it does not take into account the dendritic segregations of low diffusivity elements such as Re and W. As the lattice parameter mismatch 8 is concerned, its influence on the creep behaviour of the experimental alloys is still not clear, even if the most creep resistant of these alloys are predicted to show a high amplitude of 6 at the testing temperatures. As discussed elsewhere [16] , the role of the r/f mismatch is complex, particularly at the temperatures where ?/ rafting occurs and further work would have to be performed on this topic to define exactly the optimum value of 6 for given creep conditions.
On a density-corrected basis, the best experimental alloys exhibited a creep strength equivalent to that of the third generation alloys CMSX-10 and Rene N6 as evidenced by the Larson-Miller plots of Figure 15 . Amongst these various experimental alloys, MC544 exhibited the best balance of overall properties with a density of 8.75 g.cme3 and a specific creep strength comparable with that CMSX-10 and Rene N6, but without any propensity to form rhenium-rich TCP phases. These results demonstrated that it exists a promising alternative to the third generation superalloys for increasing the temperature capability of the single crystal turbine blades without being penalised by an excessive density or by microstructural instability features. Further evaluation of the MC544 alloy under the name of MC-NG is in progress at an industrial scale in order to confirm its interest for various turbine blade and vane applications [31] .
